Turbulence plays a key role in several physical processes related to the interruption of current in a gas circuit breaker (GCB). In this paper we study one aspect, namely turbulent gas mixing in the heating volume of a small-scale 3D GCB model. Mixing is observed using a shadowgraphy setup; postprocessing extracts information on the time-varying velocity field. Discharges with two different current amplitudes were studied and their repeatability investigated. A measure of mixing completeness, the largest vortex area, was investigated. The experiments reported upon in this paper were done in air at atmospheric pressure.
Introduction
Current interruption performance in modern gas circuit breakers (GCBs) is closely linked to flow and mixing of gas:
(i) The energy of the arc burning between two contacts is used to build up pressure in a so-called heating volume (backheating phase). (ii) As the current decreases and approaches current zero (CZ), the pressure in the heating volume exceeds the arc pressure and therefore gas flows back into the arc zone (AZ) from the heating volume, cooling the arc and extinguishing it at the natural CZ crossing (outflow phase). (iii) After current interruption, the dielectric strength of the gas between the arcing contacts increases with time. Simultaneously, the surrounding network generates a transient recovery voltage (TRV) across the arcing contacts. If the TRV at any point in time after CZ exceeds the dielectric withstand, a breakdown occurs and the GCB fails to interrupt.
In all phases, turbulence plays a central role: during backheating, turbulent mixing of hot gas from the AZ with cold gas in the heating volume takes place. In the outflow phase, the arc cooling is enhanced by turbulent structures excited in the arc boundary. After CZ, the quality (e.g. temperature and density) of gas flowing from the heating volume to the AZ determines the dielectric withstand. In this paper, we focus on turbulent mixing in the heating volume [1] . Understanding the parameters influencing mixing would presumably lead to methods to make the mixing more complete-which in turn would make more efficient GCBs feasible.
Research activities on mixing in GCBs have been carried out over the last few years at ABB Corporate Research in Switzerland [2] [3] [4] . The main diagnostic used to characterize mixing was shadowgraphy [5] . Initially, we performed experiments in a 2D slab heating volume using air [2] ; thereafter, we proceeded to SF 6 where we compared the measurements with computational fluid dynamics (CFD) simulations [3, 4] . The outcome showed that including a suitable turbulence model in the CFD simulations is essential to capture the observed mixing features.
The next step was to study a 3D test device, which more closely resembles an actual GCB. The most important question here is whether the mixing is azimuthally symmetric; several reasons can be thought of which would act to break symmetry, for example arc instabilities (including the force on the arc exerted by the current connections) and uneven wear.
For shadowgraphy, going from 2D to 3D meant that we had to expand the area under investigation. We decided to use large-diameter Fresnel lenses to gauge whether these are sufficient for our purposes.
The research approach taken for 3D follows the 2D path: First, experiments in air were done (reported upon in this paper). As a second step, we will in future work compare the measurements with 3D CFD simulations. Initial work on 3D mixing in air has been published [6] . Here, we observed the heating volume end-on; however, due to initial shock waves, the subsequent mixing could not be properly tracked in this geometry. Accordingly, we constructed a new 3D test device which could be viewed side-on, thus enabling a far better visualization of the mixing process [7] . In this paper, we study discharges in this improved 3D test device. We use air to address mixing at low (5 kA peak) and high (6.5 kA peak) current. Further, repeatability is investigated using four shots made at each current amplitude. Finally, we use our improved visualization and analysis tools to extract a quantity which is proportional to the largest vortex area. This parameter provides an additional measure which can be compared with CFD simulations.
The paper is organized as follows: in section 2 we introduce the 3D small-scale GCB test device along with the various diagnostics used. The main results are collected in section 3 and conclusions are drawn in section 4.
Experimental setup

The 3D small-scale GCB model
A picture of the 3D small-scale GCB model is shown in figure 1 . The device is mounted in an open gas insulated switchgear tank: the arc burns in air at ambient pressure.
A sketch of the main components of the 3D small-scale GCB model is shown in figure 2 .
From inside out it consists of
• Two hollow CuW arcing contacts (inner diameter 12 mm, outer diameter 24 mm). The contact separation is 30 mm. Both arcing contacts are connected to 1 L closed aluminium exhaust volumes. These volumes prevent the exhausted gas from entering the optical view, see figure 1.
• Two grey polytetrafluoroethylene (PTFE) nozzles (inner diameter 24 mm, outer diameter 64 mm).
• The AZ (area between the arcing contacts) is connected to the heating volume by a heating channel (HC); at the in-outlet of the heating volume, the HC height is 5 mm.
• The outer walls of the heating volume are all made of 10 mm thick polymethylmethacrylate (PMMA). The heating volume size is 0.62 L.
The dimensions of the model have been chosen to be in the vicinity of actual GCB dimensions. The minimum HC area is 691 mm 2 and the outflow area to the exhaust through the hollow arcing contacts is 2 × 113 mm 2 = 226 mm 2 . Note that the outer PMMA walls of the heating volume are flat. This was done to allow the laser beam to pass through; in GCBs, these walls would be cylindrical. As a consequence, we expect 'unmixed' regions to exist in the outer corners of the heating volume. To what extent this affects our results is an open question which we plan to address using CFD simulations.
Diagnostics
Shadowgraphy setup.
The main purpose of the work described in this paper is to measure turbulent mixing in the heating volume. To this end we found that the 'focused' shadowgraphy [5] method was well suited.
The contrast of a shadowgram, i.e. the ratio of the change of illuminance because of the object to the undisturbed illuminance, has been shown to be proportional to the spatial derivative of the refraction angle, i.e. the Laplacian of the index of refraction. We derive this in the appendix for a simple case along the lines provided in [8] , see equation (A.6).
A principle sketch of the optical setup is shown in figure 3 . The setup consists of four parts:
(i) transmitting optics, (ii) test object, (iii) receiving optics, (iv) CMOS high speed camera.
The transmitting optics begins with a light source, in our case a 20 mW HeNe laser which has a wavelength λ 0 of 632.8 nm. The laser beam is expanded by a microscope objective (100× magnification) and the expanded beam is made parallel (collimated) by a Fresnel lens having a focal length of 350 mm. The lens is square with a diameter of 280 mm. The beam diameter through the test object is roughly 250 mm.
The receiving optics assembly is composed of a Fresnel lens having a focal length of 550 mm (rectangular, 310 mm wide, 390 mm high) followed by various filters: An 18 mm objective is mounted on the CMOS camera [9] . We sample the camera at 55.6 kHz (18 µs between frames) with an exposure time of 1 µs. The area used on the chip is 128 (width) × 256 (height) pixels.
The two Fresnel field lenses make it possible to light up a large area; however, this comes at a cost of lower power per area and reduced optical quality. 
Current and voltage.
The current waveforms of a low and a high current discharge are collected in figure 4 and the corresponding arc voltage traces are shown in figure 5 . The current is measured using a Rogowski coil [10] and the arc voltage is recorded with a 1 : 200 differential voltage probe. The LC circuit (L = 145 µH, C = 64 mF) generated alternating current with a frequency of 50 Hz. The charging voltage was 450 (550) V for low (high) current, respectively.
We applied current for one half-wave; the current is interrupted by an auxiliary vacuum circuit breaker (VCB) [11] . The peak current was about 5 (6.5) kA; combined with the 150 V arc voltage measured at both current amplitudes, this yields a peak power of approximately 700 (1000) kW. The corresponding total arc energy is 4.3 (5.8) kJ, respectively.
Since the current is interrupted at the first CZ crossing by the auxiliary VCB, the remaining signal in the current measurement is due to an offset of the Rogowski coil and does not correspond to any real current flowing [12] . Furthermore, the voltage is measured across the model: after CZ, the remaining voltage is the floating potential of the circuit section between the model and the open VCB.
For ignition we used a steel wire (0.3 mm diameter) which heats up due to the current flowing through it and eventually explodes (initial arc voltage peak at −9 ms, see figure 5 ). 
Pressure.
Pressure is measured both in the AZ and in the heating volume, see figure 2. Both sensors are piezoresistive [13] and protected from the hot gas by a combination of PTFE tubes and metal adapters.
Results
Pressure
AZ pressure.
The AZ pressure for the two shots discussed in section 2.2.2 is shown in the left-hand plot of figure 6. The low current shot (26) has a peak pressure of 1.5 bar ( p AZ, low current, peak = 0.5 bar) and the high current shot (25) has a peak pressure of 2.2 bar ( p AZ, high current, peak = 1.2 bar).
The initial oscillations in the AZ pressure (−9 to −8 ms) are associated with pressure (shock) waves from the explosion of the ignition wire. This first phase is a consequence of using an ignition wire and does not exist in actual GCBs with moving arcing contacts.
From −7 ms, where the two pressures separate, and onwards, the pressure rise is linked to the different current amplitudes (see also figure 4 ). This corresponds to the backheating phase described in section 1.
The third and final phase commences after the peak pressure has been reached, i.e. at −4 ms for low current and at −3 ms for high current. This period is the outflow phase, see section 1.
The low current shot has a CZ pressure of 1.2 bar ( p AZ, low current, CZ = 0.2 bar) and the high current shot has a CZ pressure of 1.5 bar ( p AZ, high current, CZ = 0.5 bar).
The oscillations of order 1 kHz around CZ (high current) or after CZ (low current) are due to transient effects caused by flow reversal.
The sharp spikes in pressure exactly at CZ-most prominent for shot 26-are noise due to current interruption of the circuit.
Heating volume pressure.
Qualitatively, the heating volume pressure is rather similar to the AZ pressure, see the right-hand plot of figure 6.
The initial pressure rise from just before −8 to −7 ms is associated with the ignition wire explosion. The second pressure rise from −7 ms onwards is the backheating phase.
The transition from backheating to outflow (also called flow reversal) takes place at −4 ms for low current and at −3 ms for high current.
The peak and CZ heating volume pressures are about equal to the corresponding AZ pressures, see section 3.1.1.
Turbulence
Shadowgraphy images.
A sequence of shadowgraphy images from the low current shot is shown in figure 7 . A reference image from before the shot has been subtracted from all images so that only changes with respect to that image are visible.
In general, these images are not as sharp as those presented in our previous publications [2] [3] [4] . There are two main reasons for this:
• The inferior quality of the Fresnel lenses compared with conventional lenses.
• The depth of the heating volume: one is not only observing, e.g., a perpendicular vortex in the upper and lower part of the heating volume, but rather a superposition of several azimuthally separated vortices, so to speak. The picture of separated vortices is only representative in cases where azimuthal flow can be neglected.
The turbulent cloud generated by the ignition wire explosion is initially most pronounced in the upper part of the heating volume (figure 7 at −8 ms). The following frame at −7 ms shows the same tendency; in the upper (lower) part of the heating volume, the cloud is rotating counterclockwise (clockwise), respectively. At −5 ms backheating is well established; a hot jet (bright due to radiation) reaches far inside the heating volume. Only one patch in the lower part of the heating volume (bottom left) remains unmixed. Eventually, the gas is completely mixed at CZ. Corresponding images for the high current shot are shown in figure 8 . The overall behaviour visible is quite similar to that for low current; one difference is that the hot gas jet reaches farther into the upper part of the heating volume during backheating (−5 and −3 ms).
Discussion on the influence of the ignition wire on mixing.
We have seen that the ignition wire leads to an initial shock wave followed by a turbulent cloud, which most likely consists of steel vapour and hot air. The consequence is the formation of an early vortex. Once backheating begins, the hot gas jet interacts with the vortex generated by the ignition wire explosion. The importance of this interaction on the subsequent mixing behaviour is not determined: What we can say is that the ignition wire introduces a mixing sequence which is not representative of the operation of an actual GCB.
To address this issue, shadowgraphy has recently been applied to a slightly modified actual GCB [14, 15] . It was demonstrated that the shock wave was eliminated using moving arcing contacts instead of an ignition wire. However, it was also found that the mixing process is not qualitatively altered by the absence of an ignition wire.
Velocimetry and streamlines.
To quantify and extend the information contained in the images, we extracted the velocity field using the cross-correlation technique described in [2] . We cross-correlated 32 × 32-pixel windows moved in 4 pixel steps. One pixel is equal to an actual length of 0.58 mm for our optical setup. Results are presented in figures 9 and 10. Shown in each image is both speed as a contour plot (0 to 5 m s −1 ) and streamlines (i.e. curves which are tangent to the velocity vector) generated using the full velocity fields.
For low current, see figure 9 , the vortices formed by the ignition wire explosion are clearly visible at −7 ms. The backheating jet in the following frame (−5 ms) is seen to push these initial vortices away from the in-outlet; during outflow, the vortices recover and expand to the entire heating volume at CZ.
For high current, see figure 10 , the development until backheating begins is very similar to low current: vortices are formed due to the exploding ignition wire. However, for high current, the ensuing backheating jet is more powerful as can be seen in the −5 and −3 ms images. Especially in the upper part of the heating volume, see also figure 8. The stronger jet leads to a complete breakup of the original vortices created by the ignition wire, first in the upper part and subsequently also in the lower part of the heating volume. At CZ the vortices have recovered somewhat, but are mainly situated in the half of the heating volume closer to the in-outlet. Structures in the other half are mostly separated from the main vortices.
Applying velocimetry allows us to visualize structures not visible in the shadowgraphy images. Thus, it provides additional information on the mixing process.
We interpret the existence of a single vortex filling the entire upper or lower part of the heating volume as complete mixing: all gas is entrained in one large vortex. It does not mean that there are no variations in density and temperature in the heating volume, but it does mean that all parts of the volume are connected: this facilitates fast transport. Therefore, complete mixing is preferable to incomplete mixing.
Repeat shots.
As we have seen in the preceding section, low and high current leads to differences in mixing at CZ: (i) Low current: one vortex (in each of the observed upper and lower parts of the heating volume) fills the entire heating volume (complete mixing). (ii) High current: one vortex (in each of the observed upper and lower parts of the heating volume) fills half of the heating volume. Structures in the other half are separated from this vortex (incomplete mixing). The first question which arises is whether these differences in mixing at low and high current are reproducible? To address this question, we compared two low current and two high current shots. The repeat shots selected have almost identical current flowing, see figure 15 .
Streamline plots at CZ for the two low current shots are shown in figure 11 . Qualitatively, the shots are similar: in both cases, a single vortex fills most of the heating volume. A minor difference is that for shot 24, the upper vortex does not extend all the way to the in-outlet.
The comparison between the high current shots indicates more variation, see figure 12 : for shot 25, the upper vortex is closer to the in-outlet; for shot 30, it is closer to the end of the heating volume. Further, the sense of rotation is opposed in the upper vortices: counter-clockwise for shot 25, clockwise for shot 30. In both cases, the vortex is seen to cover about half of the area, not the entire area as for low current. However, the lower part of the heating volume is similar for the two shots: a single vortex closer to the in-outlet with clockwise rotation.
The larger differences in the high current shots are at least in part due to the fact that more energy flows into the heating volume. This increased amount of energy leads to more scatter in the mixing process, e.g. upper-lower asymmetries both in the size, location and sense of rotation of the largest vortex.
As an alternative to the visual interpretation of the streamline plots, it would be useful to quantify vortex sizes. The way we choose to do this is to apply the following procedure for each point in time:
(i) Find the largest area covered by a streamline in both the upper and lower part of the heating volume: the nodes defining a streamline are treated as a polygon and the area of this polygon is calculated [16] . (ii) Since the result is rather noisy, we filter the data using a third order Savitzky-Golay filter [17] on data frames of length 51 (corresponding to 918 µs). (iii) Finally, we average the filtered upper and lower areas.
The steps above yield an estimate of the largest vortices in the upper and lower part of the heating volume. For more advanced methods see, e.g., [18] .
The result for the low current repeat shots is placed in figure 13 : maximum streamline areas are shown for the upper and lower part of the heating volume along with their average. The horizontal line is a rough estimate of the areas visible (50.4 mm width × 30.2 mm height = 1522 mm 2 ). In general, the largest vortex area in the upper and lower part of the heating volume is quite similar for both shots. However, the rapid increase in area takes place at different times: for shot 26, the largest area increases just around CZ, whereas this increase occurs earlier for shot 24, at about −1 ms.
The way in which the largest vortex area is calculated underestimates the actual largest vortex size: from visual inspection of figure 11 one would say that the largest vortex covers 80-90% of the area visible instead of the 40-50% in figure 13 . The reason is that the two ends of an open streamline are connected to calculate the area enclosed by the streamline. However, the area as calculated still provides a measure which is proportional to the actual area: it provides a quantity which can be directly compared with CFD simulations.
Turning now to the corresponding high current largest vortex areas in figure 14, they do not exhibit a strong increase before or at CZ. Both averages are about 30% of the area visible at CZ, a good deal less than the 40-50% seen for low current. For both shots, backheating leads to a marked reduction in the largest vortex area as also observed in figure 10 . The largest upper and lower area differs significantly for shot 25, which is not the case for shot 30. This is because the backheating jet is mainly observed in the upper part of the heating volume for shot 25 in contrast to shot 30, where the jet is observed in both parts of the heating volume. This lends further support to our earlier statement: shots at high current are more prone to exhibit upper-lower asymmetries than shots at low current.
3.2.5.
Entire data set. After our treatment of first individual low and high current shots, followed by the comparison of two repeat shots, we now extend our analysis to all the shots available: four at low and four at high current. The goal is to study the possible correlation of the largest vortex area at CZ with the heating volume pressure at CZ. The link between the heating volume pressure at CZ and the current peak is shown in figure 15 . In general, higher current leads to higher pressure. The low current shots (26 and 24) and the high current shots (25 and 30) were selected for the comparison in section 3.2.4 because they had the same peak current.
In figure 16 we show the largest vortex area at CZ as a function of the heating volume pressure at CZ. From low to high current, the largest vortex area tends to decrease. The decrease in the average value is about 30%. However, this change is within the error-bars.
Conclusions
We have presented an analysis of 3D turbulent mixing in a small-scale GCB model. Turbulence was studied in the transparent heating volume using shadowgraphy.
The arc discharges studied were performed in air at atmospheric pressure. Low (5 kA peak) and high (6.5 kA peak) current experiments were done using a single half-wave at 50 Hz.
Analysis of the measured arc zone and heating volume pressure showed that the discharge evolution can be separated into three stages: (i) the phase dominated by the ignition wire explosion before −7 ms, (ii) the backheating phase from −7 to −4 (low current)/−3 (high current) ms and (iii) the outflow phase.
Shadowgraphy images showed initial vortices being generated by the ignition wire explosion followed by backheating. A stronger backheating jet was observed at high current compared with low current. The images are rather coarse compared with those in [2, 3, 4] , mainly because of the Fresnel lenses and the line integration of turbulent structures through the heating volume. However, the optical quality was sufficient for our purposes.
Applying a velocimetry procedure [2] to the images, we were able to extract velocity fields and associated streamlines. For low current, this analysis showed the existence of a single vortex at CZ, extending across the entire heating volume in both the upper and lower part (complete mixing). Single upper and lower vortices were also identified at CZ for high current; however, in contrast to low current, the high current vortices only cover about half of the heating volume (incomplete mixing). Apparently, the stronger backheating jet leads to a reduction in the vortex size.
Since complete mixing enables rapid transport within the heating volume, it is superior to incomplete mixing.
An analysis of almost identical low and high current shots displayed a high degree of repeatability concerning the features mentioned in the previous paragraphs. A more quantitative measure for the size of the largest upper and lower vortex was developed; this demonstrated that some differences between repeat shots do indeed exist, especially for high current.
A treatment of all eight shots available (four at low and four at high current) showed that, on average, the largest vortex size decreases with higher heating volume pressure at CZ.
What remains to be done-from a diagnostics point of view-is to improve the shadowgraphy quality. For this, better optical components and more laser power is necessary. Also, one could consider viewing the heating volume from more than one direction simultaneously; the line integration through the heating volume smears out turbulent structures detected.
Regarding experiments, an important next step will be to carry out dielectric testing, i.e. to apply a TRV after CZ, and relate the results to mixing completeness.
